Abstract Using reanalysis data as a benchmark, the authors evaluate the performance of an Atmospheric General Circulation Model (AGCM) named GAMIL (Grid-point Atmospheric Model of LASG/IAP). GAMIL is used to simulate the tropospheric temperature anomalies associated with the El Niño-Southern Oscillation (ENSO) in boreal winters for the period 1980−99. The results show that the symmetrical components of temperature anomalies simulated by GAMIL closely resemble those in the reanalysis data in spatial patterns, especially in the Northern Hemisphere. The limitation of the model is that the simulated cold anomaly over South Asia is located to the east of the reanalysis. The observed temperature anomalies in the South Pacific and the high latitudes of the Southern Hemisphere are not evident in the simulation. The maximum value is 0.8 K smaller and the minimum value is −0.4 K smaller than the reanalysis. The difference between the simulation and the reanalysis is more evident in the regional features of the asymmetrical components of the temperature anomalies. Our results demonstrate that the previously discovered weak response of the GAMIL model to specified sea surface temperature forcing is dominated by the symmetric (asymmetric) component in the tropics (extra-tropics).
Introduction
ENSO is an important ocean-atmosphere coupled phenomenon that develops over an interannual time scale. ENSO has significant effects on temperature change in the tropics and even on global temperatures and climates (Horel and Wallace, 1981; Yulaeva and Wallace, 1994; Smith, 2006, 2009) . There is increasing evidence that there are clear signals associated with ENSO in the temperature of the free troposphere (Hoskins and Karoly, 1981; Van Loon and Madden, 1981; Yulaeva and Wallace, 1994; Ribera and Mann, 2002) . Studies on ENSO-related temperature anomalies are thus crucial to Corresponding author: YU Chao-Yue, chaoyueyu@mail.iap.ac.cn the understanding of interannual climate variability.
During El Niño, the temperature signal in the troposphere is characterized by an intense warming over the central and eastern Pacific, extending to the Atlantic and Indian Oceans in the Tropics (Kiladis and Diaz, 1989; Trenberth and Caron, 2000; Trenberth et al., 2002; Trenberth and Smith 2006; Zhang et al., 2010) . The warming anomalies of zonally averaged temperatures in the Tropics are found in both Japanese 25-year Reanalysis (JRA25) and simulations of the Whole Atmosphere Community Climate Model (WACCM) of National Center for Atmospheric Research (NCAR) (Trenberth and Smith, 2009; Randel et al., 2009 ). In the subtropics, the impacts of ENSO on temperature are weaker, but are still noticeable. During El Niño, an anomalous warming is observed in the northwestern part of North America, whereas an anomalous cooling is observed in the southeastern part of North America (Van Loon and Madden, 1981; Simmons et al., 1983) . Previous studies on the temperature signal of ENSO have mainly focused on the tropics, and less effort has been devoted to the spatial pattern of global signals. Yu et al. (2011) discussed the global tropospheric temperature anomalies associated with ENSO in boreal winters by using Microwave Sounding Unit (MSU) data for the period 1980−99. Their analysis demonstrated that the averaged temperature of 300−850 hPa can well represent the ENSO-related signals in the middle troposphere. In the middle troposphere, the symmetrical components of temperature anomalies associated with ENSO feature a dumbbell-shaped temperature pattern in the eastern Pacific. Pacific-North American (PNA) wave structures are also evident, with a maximum center located in the eastern Pacific and the northern part of North America. In the North Pacific, South Asia, and the South Pacific, the symmetrical components are negative and are centered in southwestern China. The asymmetrical components are only evident in several areas of the high latitudes of the Northern Hemisphere. The global tropospheric temperature anomalies associated with ENSO provide a rigorous test for climate models. In this study, the abovementioned observational features will serve as a useful observational metric for evaluating the performance of the LASG/IAP climate model.
Climate models have proved to be useful tools in climate prediction. ENSO patterns at both tropical and high latitudes can be well reproduced by several Atmospheric General Circulation Models (AGCMs) (Lau, 1985 (Lau, , 1997 Kumar and Hoerling, 1997; Li, 1999; Zhou and Zou, 2010) . The LASG/IAP GAMIL model has been widely used in various fields of climate research, such as global and regional climate change (Li et al., 2007a, b; Kucharski et al., 2009; Scaife et al., 2009; Hodson et al., 2010) , air-sea interaction (Li et al., 2009) , and monsoon variability studies (Zhou et al., 2009a, b) . However, the performance of the model in simulating ENSO-related temperature anomalies is unknown. The main purpose of this study is to assess the ability of the GAMIL model to simulate the global ENSO signals of temperature in the middle troposphere based on the metrics identified in Yu et al. (2011) .
Model, data, and analysis method
The model used in this study is GAMIL, which employs a horizontal resolution of 2.8° between 65.58°N and 65.58°S and 26 vertical layers. The dynamical core of the model was designed by LASG/IAP, and it includes a finite difference scheme that satisfies the conservation laws of total mass and effective energy to solve the primitive hydrostatic equations of baroclinic atmosphere. The physical package was obtained from NCAR Community Atmospheric Model, Version 2 (CAM2), but the convection scheme was replaced by a modified version of the Tiedtke scheme. The details of the model are found in Li et al. (2007c) . The model was driven by historical monthly sea surface temperatures of the period 1979−99. In this study, we followed the method of Yu et al. (2011) to evaluate the performance of GAMIL in simulating global temperature signals of ENSO in the middle troposphere.
The following temperature datasets were used in this study: (1) European Center for Medium-Range Weather Forecast (ECMWF) 40-year reanalysis (ERA40) (Uppala et al., 2005) ; (2) JRA25 reanalysis data (Onogi et al., 2007) ; (3) National Centre for Environmental Prediction, Department of Energy (NCEP/DOE) reanalysis data (NCEP2) (Kanamitsu et al., 2002) ; (4) NCEP/NCAR reanalysis data (NCEP1) (Kalnay et al., 1996) ; and (5) Modern Era Reanalysis for Research and Applications (MERRA) from National Aeronautics and Space Administration (NASA)1 ① . We used the averaged temperature between 300 and 850 hPa to represent the ENSO signal in the middle troposphere.
The spatial patterns of temperature changes in the troposphere associated with ENSO are well depicted in these five reanalysis data sources (Yu et al., 2011) . To reduce uncertainties caused by the different data sources, the ensemble mean of these five reanalysis datasets were regarded as the benchmark (hereafter reanalysis) to evaluate the performance of GAMIL. All the temperature datasets ① http://gmao.gsfc.nasa.gov/research/merra/MERRA_FileSpec_ DRAFT_09_02_2008.pdf ② http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ ensostuff/ensoyears.shtml used were monthly mean anomalies, which are available between 80°N and 80°S.
A composite analysis method was applied. We chose four El Niño events (1982/83, 1986/87, 1991/92, and 1997/98 ) and three La Niña events (1984/85, 1988/89, and 1998/99) . These events were chosen based on the Niño 3.4 index (the area-averaged sea surface temperature anomalies over the region 5°N-5°S, 120°-170°W) and were promulgated by Climate Prediction Center ② . Following Hoerling et al. (1997) and Wu et al. (2010) , the difference between the composite El Niño and La Niña events was regarded as a symmetric component, and their sum was regarded as an asymmetric component. We focused on the mean temperature of the mature December-February (DJF) phase of ENSO.
Results
The correlation coefficients between the temperature anomalies in the middle troposphere and the Niño 3.4 index for winter are shown in Fig. 1 . In the reanalysis (Fig.  1a) , a significant correlation is evident in the tropical Pacific, North America, the North Pacific, and South China. also examined the correlations between the tropospheric mean temperature and the Niño-3 index, and the results are nearly the same as in Fig.1a .
As shown in Fig. 1b , the temperature features are highly reproducible with GAMIL. The pattern correlation coefficient between the simulation and the reanalysis is 0.74. The observed strong, positive correlations in the tropical Pacific, the zonal pattern of the tropics, the positive correlations in the northern part of North America, and the negative correlation centers in the North Pacific and south of North America are also evident in the simulations. In particular, the maximum and minimum centers are located in almost the same places as those observed in the reanalysis, but the signals in South China and the extratropics of the Southern Hemisphere are poorly simulated.
The symmetrical components of temperature anomalies associated with ENSO for winter in the middle troposphere are shown in Fig. 2 . The reanalysis in Fig. 2a features a dumbbell-shaped temperature pattern in the eastern Pacific. The PNA wave structures are also evident, with the maximum value of 3.65 K located in northern North America. The symmetrical component also exceeds 3 K in the eastern Pacific. There are weak positive signals in other regions of the tropics and the southern Pacific. In the North Pacific, South Asia, the subtropical South Pacific, and the South Atlantic, the symmetrical components are negative, with the minimum value of −3 K centered in the North Pacific.
As shown in Fig. 2b , the spatial pattern of the symmetrical components of temperature anomalies associated with ENSO is also reasonably simulated. The pattern correlation coefficient between the simulation and the reanalysis is 0.74, indicating that the significant correlations shown in Fig. 1 America decrease by approximately 1 K than in the reanalysis. The minimum value of −3 K in the North Pacific is also lesser than its corresponding value of −2.6 K in the reanalysis. Previous studies have found that the tropical response of GAMIL to specified external sea surface temperature forcing is the weakest among the approximately 10 models from International Climate of the Twentieth Century Project (C20C) of Climate Variability and Predictability (CLIVAR) . Our results are consistent with this finding.
We further examined the case-dependence of the model in simulating the ENSO-related tropospheric temperature anomalies. The pattern correlation coefficients between the total symmetrical components of the temperature anomalies and the symmetrical component for each ENSO case in both the reanalysis and the simulation are shown in Fig. 3 . In the reanalysis, the pattern correlation Figure 3 The pattern correlation coefficient between the total symmetrical components of the temperature anomalies and the symmetric component for each ENSO event in both Reanalysis (gray) and GAMIL(black). coefficient exceeds 0.4 for every case. Previous studies have shown that the interannual variations of tropospheric temperatures are dominated by the variations of the sea surface temperatures of the tropical oceans (Soden, 2000; Sobel et al., 2002) . Thus, it is reasonable that the correlation coefficients for strong events are higher than those of weak events, as evidenced in the reanalysis data. In our simulation, this correspondence is more evident for the El Niño cases. A warmer tropical sea surface temperature anomaly generally leads to a higher model skill as measured by the pattern correlation coefficient between the simulation and the reanalysis.
The response of atmospheric temperature to ENSO forcing has a nonlinear component, i.e., the response is not symmetrical for El Niño and La Niña events (Yarnal and Diaz, 1986; Hoerling et al., 1997) . Figure 4 shows the spatial patterns of the asymmetric components of the composite temperature anomalies during ENSO for winter in the middle troposphere. There are few signals for the Southern Hemisphere, and therefore, we only show the results for the Northern Hemisphere here. The asymmetrical components are only evident in a few areas of the extratropics of the Northern Hemisphere, with a positive center in the subtropical North Pacific, a negative center in the sub-polar North Pacific, and a positive center in the North American continent.
An obviously different pattern is seen in the simulation (Fig. 4b) . The spatial pattern correlation coefficient between the simulation and the reanalysis is only 0.32. The anomalies are almost warm in the middle latitudes and cold in the high latitudes. The model hardly resembles the spatial pattern of the reanalysis. This result indicates that while GAMIL shows a reasonable performance in simu- lating the symmetric component of ENSO signals, the performance of the model in simulating the asymmetric components needs to be improved. This deficiency also demonstrates that the weak extra-tropical response of GAMIL to specified sea surface temperature forcing is mostly due to the asymmetrical component.
Summary and concluding remarks
Using reanalysis data as a benchmark, we evaluate the ability of the GAMIL model to reproduce the global spatial patterns of the symmetrical and asymmetrical components of tropospheric temperature anomalies associated with ENSO in the boreal winter for the period 1980−99. The main findings are summarized as follows.
1) The symmetrical components of temperature anomalies associated with ENSO for winter in the middle troposphere feature a dumbbell-shaped temperature pattern in the eastern Pacific. Evident PNA wave structures with a maximum value of 3.65 K are located in northern North America, and there are weak positive signals in other regions of the tropics and the southern Pacific. In the North Pacific, South Asia, the subtropical South Pacific, and the South Atlantic, the symmetrical components are negative, with a minimum value of −3 K centered in the North Pacific.
2) The spatial pattern of the symmetrical components of the temperature anomalies associated with ENSO are reasonably simulated, especially in the Northeastern Hemisphere. The model also shows limitations. For example, the cold anomalies in South Asia shift eastward in the simulation, and the observed signals in the South Pacific and the high latitudes of the Southern Hemisphere are absent in the simulation. The simulated anomalies are much weaker than the reanalysis at the global scale.
3) The asymmetrical components are only evident in a few areas of the extratropics of the Northern Hemisphere. The model hardly resembles the spatial pattern of the reanalysis.
4) The weak response of GAMIL to specified sea surface temperature forcing is dominated by the symmetric (asymmetric) component in the tropics (extratropics).
Tropospheric temperature change is an important indicator of climate variability. Because of the importance of ENSO for tropospheric warming (Yulaeva and Wallace, 1994; Sobel et al., 2002) , an accurate reproduction of tropospheric temperature change is a crucial precursor for climate models to make successful predictions in atmospheric circulation and precipitation anomalies. While our analysis has revealed the strength of GAMIL in simulating ENSO-related temperature changes, we also show evidence that the response of GAMIL to ENSO-type SST forcing is weaker than the reanalysis in amplitude. Because the SST warming in the tropical central-eastern Pacific tends to cause a warming in the tropical troposphere through the moist-adiabatic adjustment of deep convection and the energy propagation by fast equatorial waves (e.g., Su et al., 2001; Chiang and Sobel, 2002) , the weakness of GAMIL in reproducing the tropospheric temperature changes may be related to the convection scheme employed in the model. There are studies demon-strating the importance of convection schemes in reproducing ENSO-related temperature changes (Zhang et al., 2010) . How to improve the performance of GAMIL employing different convection schemes deserves further study.
